BACKGROUND: Obesity is a public health concern. Yet the identification of adiposity-related genetic variants among United States (US) Hispanics, which is the largest US minority group, remains largely unknown. OBJECTIVE: To interrogate an a priori list of 47 (32 overall body mass and 15 central adiposity) index single-nucleotide polymorphisms (SNPs) previously studied in individuals of European descent among 3494 US Hispanic women in the Women's Health Initiative SNP Health Association Resource (WHI SHARe). DESIGN: Cross-sectional analysis of measured body mass index (BMI), waist circumference (WC) and waist-to-hip ratio (WHR) were inverse normally transformed after adjusting for age, smoking, center and global ancestry. WC and WHR models were also adjusted for BMI. Genotyping was performed using the Affymetrix 6.0 array. In the absence of an a priori selected SNP, a proxy was selected (r 2 X0.8 in CEU). RESULTS: Six BMI loci (TMEM18, NUDT3/HMGA1, FAIM2, FTO, MC4R and KCTD15) and two WC/WHR loci (VEGFA and ITPR2-SSPN) were nominally significant (Po0.05) at the index or proxy SNP in the corresponding BMI and WC/WHR models. To account for distinct linkage disequilibrium patterns in Hispanics and further assess generalization of genetic effects at each locus, we interrogated the evidence for association at the 47 surrounding loci within 1 Mb region of the index or proxy SNP. Three additional BMI loci (FANCL, TFAP2B and ETV5) and five WC/WHR loci (DNM3-PIGC, GRB14, ADAMTS9, LY86 and MSRA) displayed Bonferroni-corrected significant associations with BMI and WC/WHR. Conditional analyses of each index SNP (or its proxy) and the most significant SNP within the 1 Mb region supported the possible presence of index-independent signals at each of these eight loci as well as at KCTD15. CONCLUSION: This study provides evidence for the generalization of nine BMI and seven central adiposity loci in Hispanic women. This study expands the current knowledge of common adiposity-related genetic loci to Hispanic women.
INTRODUCTION
Little is known about the etiologic factors underlying the high prevalence of obesity, particularly among United States (US) minority populations. Concurrent with the obesity epidemic, US demographics have dramatically shifted. As of 2010, US Hispanics represented approximately 16% of the nation to become its largest minority group. 1 Between 2009 and 2010, 41% of US Hispanic women were overweight or obese as compared with 32% of their non-Hispanic White counterparts, 2 with the most notable ethnic disparities occurring among Puerto Rican and Dominican women. 3 Thus, there is a rising impetus to investigate the underlying determinants of obesity among these populations.
In the past 5 years, genome-wide association studies (GWAS) have identified nearly 50 common genetic loci associated with body mass index (BMI) [4] [5] [6] and anthropometric measures of central adiposity (that is, waist circumference (WC) and waist-to-hip ratio (WHR)) 7, 8 in European middle-aged adult populations from Europe, Australia, and the US recent GWAS in non-European ancestry populations have identified additional novel loci, including four new BMI-associated loci among East Asians, of which at least two loci do not show association in individuals of European descent 3, 7, 9 and possibly three novel loci in a GWAS of BMI in individuals of African descent completed recently. [9] [10] [11] [12] [13] Targeted genotyping studies of selected variants have been undertaken in Hispanic Americans.
14 However, to date the contribution of genetic variants to adiposity traits in this diverse ethnic group remain largely unknown.
We investigated the associations of adiposity measures with previously identified European descent established genetic loci for BMI, WC and WHR among 3587 self-identified Hispanic women from the Women's Health Initiative (WHI) SNP (single-nucleotide polymorphism) Health Association Resource (SHARe).
MATERIALS AND METHODS

WHI SHARe participants
WHI consists of multiple components including an observational study and clinical trial cohorts of postmenopausal women in the US; 15 detailed recruitment and exclusion criteria have been described previously. 16 Medical histories were updated annually or semi-annually by questionnaire or by phone. All participating institutions obtained Institutional Review Board approval. WHI SHARe included a total sample of 3642 self-identified Hispanic subjects from WHI, who had consented to genetic research.
Phenotypes
All phenotypic information (for example, covariate and outcome variables) was obtained during the WHI baseline questionnaires and clinic examination. Weight was measured after removing shoes, heavy clothing and pocket contents using a calibrated digital scale and recorded to the nearest one-tenth of a kilogram. Height was taken using a wall-mounted stadiometer and recorded to nearest one-tenth of a centimeter. BMI was calculated from measured height and weight (kg m -2 ) and was missing for 26 of the participants in our sample. WC was measured at the level of natural waist (narrowest part of torso, n ¼ 14 missing) and hips at top of the iliac crest with extra layers of clothes removed (n ¼ 13 missing) and recorded to nearest half-centimeter. WHR was then calculated as the ratio of waist to hip circumference (n ¼ 16 missing).
Genotypes
As described previously, 17 DNA was extracted by the Specimen Processing Laboratory at the Fred Hutchinson Cancer Research Center (FHCRC) using white blood cells that were collected at the time of enrollment of the subjects in WHI. Specimens were stored at a central biorepository at À 80 1C until analysis. Genotyping was done at Affymetrix, Inc. on the Affymetrix 6.0 array (Santa Clara, CA, USA), using 2 mg DNA at a concentration of 100 ng ml 
Quality control
Of the 3642 women in WHI SHARe who self-identified as Hispanic and consented for genetic testing, approximately 1% of their genetic samples could not be genotyped (n ¼ 36). We excluded samples that had call rates below 95%, which were duplicates of subjects other than their monozygotic twins, or that appeared to include a Y chromosome (that is, representing possible sample contamination, genotyping errors or an inconsistent genotypic sex; n ¼ 19). Furthermore, SNPs that were located on the Y chromosome or were Affymetrix QC probes (that is, not intended for analysis) were excluded (n ¼ 3280). SNPs with a call rate below 95% or concordance rate below 98% were flagged and excluded leaving 871 309 SNPs. These quality control measures left us with 3587 Hispanics and an average call rate of 99.8% across the 871 309 unflagged SNPs. We also excluded one person from identified relative pairs, prioritizing for complete genotype data (n ¼ 93), leading to a final analytic sample of 3494 self-identified Hispanic women.
Two hundred thirty-eight (2%) additional samples were genotyped as blind duplicates. We analyzed 188 pairs of blind duplicate samples. The overall concordance rate was 99.8% (range 95-100% over all samples, 98-100% across 871 309 SNPs that were included after genotype cleaning).
Admixture
Eigenvectors were computed in Eigenstrat 18, 19 to account for global ancestry based on 178 101 markers, excluding mitochondria and sex chromosome markers, that were in common between WHI Hispanics samples and HapMap 20, 21 and HGDP 22 reference panels. In particular, we excluded SNPs that were A/T or C/G, on the sex chromosomes, or in the mitochondria. Individuals included from HGDP panels were 225 East Asians and 63 Native Americans, specifically 8 Surui, 22 Mayans, 13 Karitiana, 14 Pima and 6 Colombian. We also estimated proportions of European, Native American and African ancestry (Supplementary Figure 1) in the unrelated WHI SHARe sample (n ¼ 3494) using Admixture 1.22 (http://www. genetics.ucla.edu/software/admixture).
Adiposity SNP selection
One SNP from each established adiposity locus (described as of 1 July 2012 with BMI WC or WHR in GWAS of European descent individuals) was selected. A total of 47 loci were selected; 32 loci previously associated with BMI and 15 loci previously associated with WC or WHR (Tables 2a and 3a) . All selected SNPs from the original publications were those that had the lowest P-value and that met genome-wide significance within a predefined locus (typically defined as 1 Mb and r 2 o0.1).
Generalization
We assessed generalization of previously established GWAS loci using a tiered approach. All SNPs analyzed here were originally reported in populations of European descent, so we define 'generalization' of a genetic effect when a SNP displays a direction of effect consistent with the original report and/or in terms of statistical significance as defined below.
First we interrogated the exact SNP from the published literature, which we defined as an 'index SNP'. All selected index SNPs met genome-wide significance level in prior publications. To assess the consistency of effects in our study, we accessed genome-wide publically available data from the Genetic Investigation of ANthropometric Traits (GIANT) Consortium on the risk allele and its frequency in their large sample of individuals of European descent. Loci previously described with overall or central adiposity were queried in the BMI and WHR adjusted for BMI GWAS results files, respectively. If this information was missing, then we supplemented it with the relevant publication to determine directional consistency. If the previously reported adiposity SNP was not genotyped as part of WHI SHARe, the WHI SHARe SNP in highest linkage disequilibrium (LD) with the previous reported SNP (r 2 X0.8 in Hap Map CEU phase II) was selected as a proxy of the index signal. Generalization of the index or proxy SNPs was declared when directional consistency and nominal statistical significance (Po0.05) were observed.
Owing to the extensive admixture in populations of self-identified Hispanic ancestry, 23, 24 we also hypothesized that even if a SNP originally identified in European or East Asian ancestry populations is not associated with BMI in those within our cohort of women who report Hispanic ancestry, the locus may still show association with a different variant in the same chromosomal region. Therefore, we searched for common variants within the established loci that better captured the association of the index SNP reported in the European and Asian populations. We identified SNPs as potentially better markers of the index signal, 'index-dependent signals', if they were (1) within 1 Mb of the index SNP, (2) were dependent on the index SNP in the referent population (r 2 X0.2) and (3) were associated with the anthropometric traits in our data at a significance level that was at least one order of magnitude greater than the index SNP or its proxy. In contrast, we also interrogated the evidence for possible 'indexindependent signals' by visual inspection of all P-values of SNPanthropometric trait associations for 'SNPs of interest' with r 2 o0.2 and within the 1 Mb region of the index SNP. Index-independent signals were deemed statistically significant if they displayed nominal significance after correcting for the total number of regions interrogated for each phenotype of interest (BMI: P ¼ 0.05/32 and WC/WHR: P ¼ 0.05/15). Conditional analyses were also conducted to confirm signal dependence. If adjustment for the index SNP decreased the P-value for the candidate indexindependent signal, the SNP-phenotype association was considered suggestive evidence for an index-independent signal, without overwhelming proof that the signal was indeed independent. Certainly these signals need to be further interrogated with much larger sample sizes and/ or fine mapping and within the different sub-populations of US Hispanic ancestry. In contrast, if the conditional P-value did not change or increased less than one order of magnitude in comparison with the unconditional P-value, then we declared this a possible index-independent signal. All conditional analyses were modeled in Stata 12 (StataCorp LP, College Station, TX, USA).
Statistical models
After adjusting for age, smoking status and clinical center, BMI residuals were inverse normally transformed. WC and WHR were adjusted for age, smoking status, clinical center as well as BMI, and then the residuals were inverse normally transformed. Inverse normal transformations entail creating a modified rank variable and then computing a new transformed value for the phenotype per subject such that the distribution of the phenotype is normalized with a mean of 0 and an s.d. of 1. For each of the three inverse normalized phenotypes (that is, BMI, WC adjusted for BMI and WHR adjusted for BMI) single marker linear associations further adjusted for the top 10 principal components assuming an additive model, were run using PLINK software v1.07. 25 Estimated P-values below 5 Â 10 -8
were considered to be genome-wide significant.
LD assessment
We considered signals independent if their LD was r 2 o0. 4 we would at best have 40% statistical power to detect this effect in our study. Similarly, power to detect associations of all other BMI loci was below 80%. Moderately common WC variants (420%) would be expected to have 480% power at mid-sized effects, which was approximately 1 cm change in WC per effect allele; whereas, most common WHR variants (45%) frequent would be expected to have 480% power at far smaller effect sizes (approximately 0.011 WHR units). Power calculations were calculated using QUANTO v1.2.4 (http://hydra.usc.edu/gxe/).
RESULTS
The final analytic sample of self-identified Hispanic women included in this sample was 3494. As shown in Table 1 , the largest percentage of the women in this sample were between 50 and 59 years of age with a high school diploma or equivalent, were married, of Mexican ancestry, overweight in the absence of abdominal obesity as defined by the World Health Organization [26] [27] [28] and were participants in a clinical trial from one of the Western or Southern WHI study centers.
Adiposity SNP generalization Although no SNPs reached genome-wide significance in this study, we were able to investigate the associations at 47 established obesity loci previously identified in European populations with BMI, WC and WHR in our sample of Hispanic women (Tables 2b and 3b ). As summarized in Figure 1 , among 16 loci with Generalization of adiposity loci to Hispanic women M Graff et al evidence of generalization 7 were defined as 'index-dependent signals'. Of these seven, five loci were best represented by the index SNP (or its proxy) and two by a better marker in the region (defined as 'other index-dependent signal'). A total of nine loci displayed, at least, suggestive evidence for index-independent signals as the SNP in these loci with the lowest P-value were in low LD with the index signals previously described among European descent individuals and remained nominally significant after adjustment for the index SNP (or its proxy) in conditional analyses.
Among the 32 BMI index signals interrogated in this study, 25 had consistent directions of association as compared with publically available GIANT BMI results, which is more than expected by chance (binomial P ¼ 2.4 Â 10 -3 ). The five loci (reported above) with either evidence of generalization at the index or proxy SNP, or evidence of a better marker displayed consistent directions of effect with BMI. Among the 15 central adiposity index signals interrogated in this study, 13 had consistent directions of effects at the WC index SNP or their proxies (more than expected by chance, binomial P ¼ 3.2 Â 10 -3 ) and all had consistent directions of effect at the WHR index SNP or its proxy (binomial P ¼ 3.1 Â 10 -5 ), as compared with publically available GIANT WHR adjusted for BMI results. WC/WHR loci with either evidence of generalization at the index or proxy SNP, or evidence of a better marker displayed consistent direction of effects with the central adiposity phenotype, for which they were previously reported.
Among index or proxy SNPs selected, the BMI phenotype showed the strongest association with rs9939609 in the FTO locus (beta (s.e.) ¼ 0.085 (0.026); P ¼ 0.001), followed rs11084753 in the KCT615 locus (beta (s.e.) ¼ À 0.070 (0.025); P ¼ 0.006). Other nominally significant (Po0.05) loci were found for MC4R (rs571312), NUDT3/HMGA1 (rs378560), FAIM2 (rs7139903) and TMEM18 (rs6548238). Again, among the index or proxy SNPs selected, the strongest association with WC and WHR was found with rs60905288 near VEGFA (WC: beta (s.e.) ¼ À 0.075 (0.024); WHR: beta (s.e.) ¼ À 0.072 (0.024); P ¼ 0.002 for both). A locus near ITPR2-SSPN showed a nominal association with WHR (rs12814794, beta (s.e.) ¼ 0.050 (0.025); P ¼ 0.04).
For 11 adiposity loci (6 BMI and 5 WC/WHR), we observed a 'SNP of interest' with at least one order of magnitude smaller P-value than the index SNP or its proxy. These loci are displayed in Supplementary Figures 3-6 . SNPs at two loci previously associated with BMI, NUDT3/HMGA1 (rs6925243, P ¼ 7.84 Â 10 -4 ), and MC4R (rs1942867; P ¼ 1.95 Â 10 -5 ) were dependent on their respective Generalization of adiposity loci to Hispanic women M Graff et al index or proxy SNPs in CEU (r 2 X0.2), and therefore were considered to represent a better marker for Hispanics at the index signal (Table 2b , Supplementary Figures 6a and b) .
Four BMI loci (FANCL, ETV5, TFAP2B and KCTD15; Supplementary  Figures 3a-d Tables 2b and  3b ) and were therefore considered as possible index-independent signals. All conditional P-values for the 'SNP of interest'-phenotype association remained nominally significant after adjustment for the index SNP or its proxy (Po0.05). One BMI locus (TFAP2B) appeared to have suggestive evidence of an indexindependent signal as the P-value decreased from the unconditional analysis for the association between the 'SNP of interest' and BMI (Table 4) . However, the evidence for association at three BMI loci (near FANCL, ETV5 and KCTD15) for the 'SNP of interest'-BMI association became weaker on adjustment for the index SNP or its proxy. KCTD15 was the only locus of these nine loci to have significant evidence of both generalization at both the index signal (P ¼ 0.006) and an independent signal (r 2 o0.2; Tables 2a and  2b ). At two central adiposity loci (near DNM3-PIGC and MSRA), there was suggestive evidence of index-independent signals for WC (Table 4 ). In contrast, at three previously described WHR loci (GRB14, ADAMTS9 and LY86) there was inconsistent evidence across the central adiposity phenotypes tested (WC and WHR models adjusted for BMI).
DISCUSSION
In this study of postmenopausal Hispanic women, we found that the majority of the 47 SNPs interrogated showed consistent direction of effect. Specifically, 25 of 32 SNPs for BMI (binomial test: Po7.8E-04), and 13 and 15 of 15 SNPs for WC and WHR (binomial test: Po3.2E-03 and Po3.1E-05), respectively. Further, we found associations of nine loci with BMI and seven loci with waist phenotypes (WC or WHR) previously shown to be associated with these traits in European populations from Europe, Australia and the United States. In addition, we present possible evidence for independent signals among Hispanics at nine of these loci, three of which became stronger after conditioning (locus near TFAP2B with BMI, and loci near DNM3-PIGC and MSRA with WC or WHR). As verification for the associations of these possible independent signals identified in the Hispanic women in samples of European descent individuals, we looked up the P-value in the original published results (Heid and Speliotes references) for seven of the nine SNPs that were available. None of the seven SNPs were even nominally significant (all P40.05).
Certainly the analyses conducted here needs to be independently verified in an additional Hispanic ancestry sample. Although the exact functional variants underlying these signals still remain to be identified, it is interesting to note that TFAP2B encodes a transcription factor that has previously been associated with both BMI and type 2 diabetes in primarily non-Hispanic populations. [29] [30] [31] MSRA encodes a protein that is thought to repair of oxidative damage to proteins to restore biological activity. 32 Deletion of this gene has been associated with insulin resistance in mice. 33 Dynamin 3 (DNM3), a member of the dynamin family of enzymes, and phosphatidylinositol glycan anchor biosynthesis, class C (PIGC), are involved in cell membrane interactions and adhesion of proteins to the cell membrane. [34] [35] [36] Functional roles of some of the loci with possibly independent signals among Hispanics may include energy homeostasis for KCTD15 and ETV5 loci that are highly expressed in the hypothalamus, 37 and insulin signaling from ADAMTS9, and GRB14 loci, particularly in muscle tissue. [38] [39] [40] [41] Although the possibility of multiple signals at established GWAS loci needs to be confirmed in additional, larger samples of Hispanic ancestry, these findings add to the growing literature that indicates multiple variants for BMI, lipids and other complex traits. Moreover, these study findings also add to the growing literature that demonstrates suggestive generalizability of genetic loci across ancestrally distinct populations for some but not all loci. For example, for the SNPs associated with BMI in our Hispanic Generalization of adiposity loci to Hispanic women M Graff et al population, using the index SNP (or proxy SNP in LD, r 2 40.5) identified in European descent populations, six loci (TFAP2B, ETV5, TMEM18, FAIM2, FTO and MC4R) also displayed directionally consistent and statistically significant associations with BMI in two large GWAS studies of BMI in African Americans and Asians. 11, 13 In addition, two other BMI loci displayed directionally consistent effect estimates for BMI in Hispanics (NUDT3 and KCTD15), but did not display statistical significance. These study findings demonstrate, for the first time, a general relevance of these BMI loci across multiple ancestrally diverse US minority populations. Although we provide some evidence for generalization, our sample size is small and further verification of these findings is necessary. Further, of note, our data demonstrate often substantial differences in allele frequencies between the reference HapMap CEU population and the female participants form the WHI SHARE study. Although this study only summarizes data from a single group of Hispanics, 43% with Mexican origins and, on average, 33% Native American ancestry (Supplementary Figure 1) , these data do demonstrate the extensive diversity of the Hispanic population and the critical need for a greater focus on the genetic architecture in ethnic minority populations.
It is of interest to note that FANCL did not display any evidence for generalization in African and Asian ancestry populations. In Hispanics, we detected evidence for the proxy SNP and also for a possible independent signal, suggesting distinctions at this locus across ancestral populations.
There have been fewer genetic epidemiological studies of WC and WHR in ancestrally diverse populations-perhaps because waist traits are collected less frequently in large cohorts. One study in a sample of South Asian descent found that SNPs in LD with the identified index SNP (rs1095252) near the GRB14 loci were associated with WHR and type 2 diabetes. 42 In Hispanic women, we identified a possible index-dependent signal at this locus supporting the relevance of this locus across populations.
In this study, we were able to generalize or find evidence of association at 9 of 32 BMI loci (28%) and 7 of 15 WC/WHR loci (47%). Even among those loci that did not generalize in this study, the majority exhibited consistent directions of effect. The greater proportion of findings at central adiposity loci may likely be due to the greater power to detect associations. As shown in Supplementary Figures 2a-c , power calculations revealed disparate curves for overall (BMI) versus central adiposity measures (WC or WHR), wherein we were underpowered (o80% power) to detect effects for BMI. Between WC and WHR, we were most powered to detect effects on WHR. Of note, these calculations were based on a range of allele frequencies and effect sizes, as well as the distribution of the phenotype in WHI SHARe. Among the three measurements, BMI had the highest level of variability (z-score ¼ 5.2), followed by WC (z-score ¼ 7.0) and WHR (z-score ¼ 11.7), respectively. Similarly, the BMI findings were subjected to a higher penalty of Bonferroni correction (that is, lower alpha), because of the greater number of variants tested. We may also have had greater power to detect waist-related traits as WHI comprises women only, and we have recently established a stronger magnitude of genetic effects in women for many of the established waist variants. 43 National estimates from 1982 to 1984 from the Hispanic Health and Nutritional Examination Survey 44 were among the first to show that the burden of obesity may not be similar across all adult US Hispanics. More recent data from a diverse cohort study of four US communities strongly supports the possibility that there may be disparities in obesity among this ethic group by country of origin, with Puerto Rican women have the highest prevalence of obesity (51%) followed closely by Dominican (42%), Central American (42%) and Mexican women (42%). 3 Unfortunately, although the WHI Hispanic sample included in WHI SHARe roughly corresponds to the distribution of US Hispanics recorded in the 2010 Census (63% of Hispanics of Mexican descent), 30 it likely does not capture the true diversity that constitutes this ethnicity nor does it imply that these results can be generalized to all US Hispanics. Moreover, the small sample size limited our ability to assess heterogeneity of effect size by population of origin. Future research should be designed and powered to investigate genetic effects across diverse Hispanic backgrounds.
Finally, our sample of primarily postmenopausal women may have been a limitation as there is evidence that genetic effects on adiposity vary substantially across the life course. [45] [46] [47] In turn, this study is strengthened by a number of factors. First, obesity-related racial/ethnic-and gender disparities exist among the largest US minority group-Hispanics [48] [49] [50] [51] and progress in the obesity field will only be made when all US populations are successfully interrogated. Therefore, our interrogation of established BMI and WC/WHR loci in an ancestrally diverse population with heightened disparities in disease risk is timely and of great public health significance. Second, to our knowledge this study constitutes Identified 'SNP of interest' in 1 Mb region is in LD at r 2 X0.2 in CEU. P-value is Bonferroni-corrected significant and was at least one order of magnitude smaller than the P-value of the index SNP (or its proxy). 3 Identified 'SNP of interest' in 1 Mb region is in LD at r 2 o0.2 in CEU. After adjustment for the index SNP (or its proxy), the P-value decreased for the 'SNP of interest.' 4 Identified 'SNP of interest' in 1 Mb region is in LD at r 2 o0.2 in CEU. After adjustment for the index SNP (or its proxy), the P-value for the 'SNP of interest' did not increase more than one order of magnitude. Abbreviations: BMI, body mass index; SNP, single nucleotide polymorphism; WC, waist circumference; WHR, waist-hip ratio.
the first attempt in the scientific literature to perform a large comprehensive study of multiple adiposity phenotypes among a sample of Hispanic individuals. Although previous generalization studies have been published among Hispanics, they were largely conducted in the context of candidate gene studies and did not evaluate well established GWAS variants.
In summary, our findings suggest similar genetic influences on body size and shape across non-Hispanic and Hispanic descent populations, by illustrating associations at nine BMI loci and seven WC/WHR loci previously reported in European descent populations. We also provide tentative evidence that several of the BMI and WC loci harbor multiple independent signals, which has been shown to increase the heritability explained for complex traits across populations. Nonetheless, replication of these signals in larger Hispanic studies is required, as well as GWAS studies to determine if novel obesity loci can be mapped in Hispanic populations. Generalization of adiposity loci to Hispanic women M Graff et al
